Whole egg yolk can be easily separated into two fractions, plasma and granules, the former of which is rich in lipids and the latter has a high protein content. Searching for new applications for each fraction could increase the value of the whole egg. In this work, the egg yolk granule fraction is being proposed and used to create transparent, edible films. For that purpose, a solution of egg yolk granules was pre-treated using high intensity ultrasound. A Box-Behnken design was established to determine the effect of temperature, ultrasound intensity and the pre-treatment time on the clarity of the granules solution and the transparency of the films obtained. Furthermore, the films were analysed to test the effect of the ultrasound pre-treatment on their mechanical properties, solubility, colour, thermal stability and structure. The optimal conditions for obtaining highly transparent films from egg yolk granules solution were found to be the following: 45°C, for 40 min and applying ultrasounds at 60% amplitude. With this pre-treatment, the puncture strength value of the films improved from 9 N/mm, in the case of the untreated granules solution, to 31.6 N/mm. The puncture deformation showed a similar trend. All the films made with egg yolk granules showed a low water solubility. The colour of the films was not affected by the ultrasound pre-treatment.
Introduction
The use of natural biopolymers as a source for producing packaging materials has been studied intensively in the last few years. These biopolymers have some desirable properties in comparison with polymers derived from petroleum. Specifically, these biopolymers are more easily recyclable, they come from a renewable and natural source, the environmental impact derived from their use and extraction is reduced and they can also be edible.
Films prepared from natural sources have been designed to be applied directly on the surface of the food product, forming a barrier which protects the packed product from the possible adverse effects of gases such as oxygen or water vapour and other undesirable substances. Among the desirable properties of these films are their organoleptic and mechanical properties, their stability over time, their non-contaminant properties, the simplicity of their preparation and, finally, their ability to be safely edible (Debeaufort et al. 1998) . Transparency of the films is another key factor when they are intended to be applied as food coatings, due to the great impact on the final appearance of the product (Villalobos et al. 2005) .
The preparation of these films varies according to the biopolymers used in their formulation. In the case of films made using proteins, the usual sources are gelatine (Cao et al. 2007; Ge et al. 2017; Fakhouri et al. 2018) , whey protein (Galus and Kadzińska 2016; Marquez et al. 2017; Catarino et al. 2017) , soya protein (Pan et al. 2014; Echeverría et al. 2017; Ortiz et al. 2017) , egg proteins (Lim et al. 1998; Fuertes et al. 2017; Peng et al. 2017 ) and gluten (Tanada-Palmu and Grosso 2005; Sharma et al. 2017; Fakhouri et al. 2018 ).
Usually, the preparation of these films requires the solubilization of the protein at different concentrations (w/v) in different solvents: such as water (A. Gennadios et al. 1996; Lim et al. 1998 ), a mix of water and ethanol (Tanada-Palmu and Grosso 2005) or another solvent (Qi et al. 2009 ). The use of a plasticizer is required to generate protein films. Glycerol has been used more extensively than others for this purpose (Vieira et al. 2011) . Finally, the film-forming solution, which is composed of the solubilized protein and the plasticizer, is spread on a surface and dried to obtain the film (Umaraw and Verma 2015) .
Egg yolk is composed of 50% dry matter, mainly lipids (62.5%) and proteins (33%) assembled in the form of lipoproteins (Huopalahti et al. 2007 ). This high lipid content, in comparison to that of proteins, prevents the formation of a consistent film and decreases the utility of the whole egg yolk for preparing packaging materials.
However, egg yolk can be easily separated into two fractions, the plasmatic and the granular. The former represents around 75-81% of total egg yolk solids (Le Denmat et al. 2000) , and it is constituted mostly of low density lipoproteins (LDL) with high lipid content. This fraction is able to generate emulsions and gels similar to those obtained when whole yolk is employed (Le Denmat et al. 2000; Anton et al. 2001; Kiosseoglou and Paraskevopoulou 2005) . After fractionation, the plasmatic fraction could be used directly as a food ingredient, harnessing in this way its excellent functional properties. However, few applications have been developed for the granular fraction. Thus, egg yolk fractionation, in spite of the advantages found in using the separated plasmatic fraction, is hard to justify at industrial level. The granular fraction is constituted mainly of high density lipoproteins (HDL). These HDLs provide 70% of the granular content (McCully et al. 1962) , and they are in the form of aggregates along with other granular proteins, linked by means of phospho-calcium bonds. This fraction has a high protein content and low level of lipids in comparison with the whole egg yolk. In order to solubilize the proteins in this fraction, a high ionic strength ≥ 0.3 M NaCl is required. Below this point, the granules from egg yolk show low solubility and therefore decreased functional properties, which limits their range of application. However, due to its high protein content, it is a potential source of material for producing edible films. The preparation of films using commercial gelatine combined with egg proteins has been recently reported (Fuertes et al. 2017) . However, in this case, the films were generated with the assistance of the good film forming ability of the gelatine, since the granular fraction, which is practically insoluble, was not previously solubilized. In order to generate films composed merely of egg granular fraction proteins, a solubilization pre-treatment is required. Ultrasounds have been reported to increase protein solubility and functionality (Jambrak et al. 2008) . However, the use of ultrasounds to favour the formation of protein-based edible films and to improve their properties has been scarcely studied. Banerjee et al. (1996) reported the effect of ultrasounds on the mechanical strength of milk protein-based films. Liu et al. (2004) found minor improvements in their ultrasound-treated peanut protein films. When high-intensity ultrasounds are applied in a liquid, it produces cavitation due to the compression and decompression cycles of the sonic waves. As results, cavitation gas bubbles are generated, which then violently collapse resulting in high shearing effects. These shear forces and the energy inputs are strong enough to break non-covalent and covalent bonds of proteins dissolved or in suspension in aqueous solutions (Gülseren et al. 2007 ).However, according to Banerjee et al. (1996) , ultrasound treatment to improve films properties have to be optimized for each specific raw material.
In the present work, the solubilization of proteins recovered from egg yolk granules has been achieved by pH adjustment combined with ultrasounds and thermal treatment. The effect of ultrasounds on film properties has been characterized and optimized by means of RMS approach. As a result, a novel material has been obtained, which presents improved mechanical properties and enhanced transparency. Additionally, the use of gelatine is no longer required to obtain the films.
Material and Methods

Materials
Medium size eggs (50-60 g) were purchased from a local market (BAlimerka^placed in Oviedo, Spain). The following reagents were purchased in Sigma-Aldrich (St. Louis, USA): sodium hydroxide (ref. 
Egg Yolk Granules
Following the method of Laca et al. (2010) , egg yolk and albumen were separated manually and the residual albumen was eliminated from the yolk employing blotting paper. Egg yolk material was mixed with water (1:1.5 v/v) and the pH of the diluted egg yolk was adjusted to 7 using NaOH (1 M). It was kept overnight at 4°C and centrifuged at 10,000xg for 45 min to separate it into plasma (supernatant) and granules (sediment) fractions. Egg yolk granules were lyophilized and stored at − 20°C until used.
Film Preparation
The results of preliminary studies indicated that the concentration of lyophilized granules used in the film-forming solution should be 3% (w/v, in ultrapure water). The lyophilized granules were gently stirred for 10 min using a magnetic stirring. The pH of the suspension was adjusted to a pH value of 9.5 ± 0.5 by adding 850 μL of NaOH (1 M) for each 100 mL of granules solution. Twenty millilitres of this solution was treated with ultrasound using a Sonopuls HD 2070 system (Bandelin, Germany), equipped with an MS 73 probe, at a frequency of 20 kHz and testing several sonication amplitudes (100% amplitude equivalent to 212 μm). During the ultrasound process, the temperature in the sample was maintained constant using a water bath. Several reaction temperatures and times were tested (Table 1) . Finally, glycerol was added at 40% (w/w) of the total dry matter content and 18 mL of the film forming solution was cast in Petri dishes (8.5 cm diameter). This solution was dried in an oven at 45°C for 12-14 h. The films obtained were peeled entirely and analysed.
Experimental Design
A response surface method was used to describe the effect of the reaction temperature (X 1 ), the reaction time (X 2 ), and the percentage of amplitude (X 3 ) on the transparency of both the film-forming solution and the films obtained. All the films obtained in this experimental design were detached entirely after the drying of the film-forming solution. Such parameters, and their ranges, were identified as being key variables based on previous studies performed in our laboratory. Accordingly, a Box-Behnken design (BBD) with three independent variables at three levels was created. Each independent variable was coded at three levels (− 1, 0, + 1), the coded and real values are shown in Table 1 . A second-order model equation was used for this model, represented by Eq. (1). Box-Behnken (Box and Behnken 1960) was specifically selected rather than the central composite design, because it is more efficient and it requires fewer runs. Furthermore, the cubic form of the BBD includes experimental runs under conditions which fall in the midpoints of the border of the experimental design, avoiding the corners which represent combined factor extremes. Finally, the composite central design includes axial points outside the limits of the experimental cube which might be unsafe for the integrity of the ultrasound system. The software used for the design was Minitab 17 (Minitab Inc., PA, USA).
where Y is the response variable and β 0 , β i , β ij and β ij are the intercept, linear, quadratic and interaction coefficients, respectively; X i and X j are independent variables.
Granule Solution Clarity, Film Thickness and Film Transparency
Clarity measurement techniques were adapted from Santhirasegaram et al. (2013) . The transmittance of egg granule solutions at 660 nm was measured using a spectrophotometer (Helios gamma, Thermo Scientific, USA). A blank with distilled water was used as the reference in each case. The clarity was calculated as a percentage; the transmittance at 660 nm of the water was considered as 100% clarity. Film thickness was measured using a micrometer (Mitutoyo Co., Japan) with an accuracy of ± 1 μm. Nine measurements were taken at different random locations of each film, and the average values were calculated. Film transparency was determined according to the method described by Pérez et al. (2016) . Briefly, the film transparency was tested using a spectrophotometer and measuring the light transmission at 600 nm of rectangular pieces of films. These films were directly placed in the spectrophotometer test cell. An empty test cell was used as the blank. The transparency was calculated as a percentage; the transmittance of the blank at 600 nm was considered 100% of transparency.
Granule Solution Particle Size Measurement
Fluorescence Microscopy
Granule solutions were stained using Nile blue A (0.01%), adding 3 mL of stain to 2 mL of sample. Fifty microlitres of sample was placed on a microscope slide, and a cover slip was used to create a thin layer of preparation. Micrographs with × 10 magnification of the granule solutions were obtained using an Olympus BX50 equipped with a fluorescence filter cube U-MNB2 (Olympus, Japan). The fluorophore in the samples was excited using a wavelength in the range of 470-490 nm. The emission wavelength detected started at 520 nm. The number and size of the particles was calculated using the ImageJ software.
Dynamic Light Scattering
The average size of the particles contained in the egg yolk granule solution was measured using dynamic light scattering (Zetasizer, UK). The Z-average (nm) and the polydispersity index (PDI) values were measured in each case.
Film Characterization
Prior to testing, all films were conditioned for 2 days at 21°C and 54 ± 2% RH in a closed chamber which contained a saturated Mg(NO 3 ) 2 solution.
Mechanical Properties of the Film
The puncture strength (PS) and puncture deformation (PD) at the breaking point of the films were determined by means of puncture test (Otero-Pazos et al. 2016; Sobral et al. 2001; Blanco-Fernandez et al. 2013 ). These mechanical properties were analysed employing a TA.XT.plus Texture Analyser (Stable Microsystems, UK), using a 5-kg load cell and a 5-mm diameter probe (P/5S). The films were cut into strips of 15 × 20 mm. Then, the sample film was placed between the two plates which form part of the tension grip system, and the plates were firmly screwed to the analyser. These plates have an orifice of 10 mm diameter which allows the probe to enter in contact with the film at a velocity of 1 mm/s, stretching the film until break. The PS and PD were calculated according to the following equations:
where Fm is the maximum force applied before the film rupture and Th is the film thickness; D is the distance covered by the probe while it is in contact with the film until the film is broken; and R is the radio of the orifice in the plates.
Film Solubility and WVP
The solubility of the films was determined according to the method of Pérez-Mateos et al. (2009) . Briefly, two circular pieces of film of 0.2 g were immersed in distilled water for 24 h. Then, the samples were filtered through Whatman no.1 paper filter, whose weight had been previously recorded, and dried at 105°C for 12 h. In a similar way, pieces of films that had not been immersed in water were directly dried to determine the dry matter of films. The water-soluble matter was calculated as the difference in weight before and after the water solubilization. The dry matter values obtained were measured using a halogen moisture analyzer (HR80, Mettler-Toledo, Switzerland). The water vapour permeability (WVP) was measured according to the ASTM standard Method E96-95 (1995) with the corrections proposed by Gennadios et al. (1994) to calculate the pressure of water vapour in the under surface film. A polyvinyl chloride based cup with a diameter of 6 cm and a depth of 8 cm was filled with deionized water, leaving a gap of 1.5 cm between the surface of the water and the film under surface. The thickness of the film samples was measured in nine points. The mounted cups were placed inside an environmental chamber at 25°C and 50 ± 2%, RH and the weight loss was recorded each hour during the first 10 h and finally after 24 h. Four replicates of each film were evaluated. The weight loss was plotted in function of time and the water vapour transmission rate (WVTR; gmol m
) was estimated by dividing the slope in the linear region (R 2 > 0.998) by the film surface. The WVP was calculated using the following equations: Lowercase letters in the same experimental parameter indicate significant differences (p < 0.05)
where P w1 is the corrected partial pressure of water at the underside film (Pa); P T is the total atmospheric pressure (Pa); P w0 is partial pressure of water in the surface of the distilled water (Pa); R is universal gas constant (8,306,600 Pa cm 3 gmol ); ΔP is the real water vapour partial pressure difference across de film (Pa); and Th is the thickness of the film (cm).
Film Colour
A CIE Lab colour scale was used to measure the degree of lightness (L), redness (+a) or greenness (−a) and yellowness (+b) or blueness (−b) of the films, using an UltraScan VIS spectrophotometer (HunterLab, USA). This spectrophotometer uses D65 illumination and 10°observer. Films were measured on the surface of the white standard plate, which shows L*, a*, b* values of 97.12, − 0.01 and 0.13, respectively. The total colour difference was calculated according to the following equation (Salgado et al. 2011) :
Thermal Properties
Thermogravimetric analyses (TGA) were carried out using a analyser SDTA851e (Mettler-Toledo, Switzerland) from 25 to 650°C under a nitrogen atmosphere. The heating rate was 10°C/min.
SEM
The micrographs of the film cross section were carried out according to Kadam et al. (2015) and using a scanning electron microscope (SEM) (JSM-6610LV, JEOL, USA). To obtain the microstructure of the cross section, film samples were cut into squares of 1 × 1 cm using a surgical blade. The film squares were mounted around stubs perpendicularly coated with gold. The magnification used was × 450, and the voltage was set at 5 kV.
Statistical Analysis
Analysis of variance (ANOVA) was applied. Least significant differences (LSD) were calculated by Fisher's test to determine significant differences between the tested samples. These analyses were performed using the statistical software Statgraphics® V.15.2.06.
Results
Effect of Ultrasound Pre-treatment Parameters on GSC and FT
In order to characterize the effect of the ultrasonic pretreatment on the clarification of the granule solution (GSC) and on the films transparency (FT) obtained, a Box-Behnken design matrix including these parameters was created ( Table 1 ). The runs presented in Table 1 were carried out randomly, but the results are shown ordered from the lowest to the highest film transparency values for a better understanding. When studying the film transparency, the film thickness has to be taken into account for the calculation of this parameter. However, as can be seen from Table 1 , the thickness of the tested films was found not significantly different; thus, it was not considered.
As it can be seen in Table 1 , specific combinations of temperature, reaction time and sonication amplitude were able to achieve a remarkable increase in the clarity of the granule solution, resulting in the production of films with a higher degree of transparency. Specifically, the highest granule solution clarity was obtained at the design points 13, 14 and 15, which also correspond with film transparency values higher than 94%. These experimental points are composed of different values of temperature, time and sonication amplitude, but in all these tested runs, at least two of these independent variables were set with the coded value of 1. This suggests a linear relation between the response obtained and the variables. However, the operational temperature, time and sonication amplitude values were limited by the ultrasound system itself; upper limits were fixed according to the ultrasonic system specifications and the need to avoid damage due to overheating. The use of the BBD avoids the need for runs to be carried out at the maximum values of these three independent variables together, thus lengthening the lifetime of the ultrasonic device. Nevertheless, in terms of film transparency, an excellent value was achieved.
The analysis of variance (ANOVA) obtained after fitting the experimental data to the second order polynomial model (1) is shown in Table 2 . In Table 2 , only the statistically significant parameters (p value < 0.05) were considered. Furthermore, the coded values in the coefficient estimate column were used to measure the significance of the coefficients, since coded units allow compare the size of the coefficients on a common scale. In the case of the granule solution clarity, two interactions were significant: time and temperature of sonication (X 12 ) and temperature and sonication amplitude (X 23 ).
This first interaction denotes that the effect of temperature was more relevant at high reaction times. Therefore, at 10 min, increments in the reaction temperature did not produce an increase in the evaluated response. However, at 40 min, increments in the temperature can produce noticeable changes in the granule solution clarity. The second interaction detected can be interpreted in a similar way. In this case, an increase in the time of reaction produced greater changes in the response obtained at high sonication amplitudes. However, the effect of the time is not so pronounced at the lowest sonication amplitude tested. According to these results, the time of reaction is the most important independent variable tested. In fact, setting the other two variables at an appropriate level, small changes in the time can produce greater variations in the tested responses.
Regarding the linear terms and in agreement with the comments above, the most important parameter was X 2 (time of reaction), followed by X 1 (temperature of sonication) and X 3 (sonication amplitude). Compared to these parameters, the others shown in Table 2 (X   2   2 , quadratic term of time of sonication) had a reduced effect, although it was still statistically significant.
The fitted model for the granules solution clarity is shown in the following equation:
where %GSC is the percentage of clarity in the granules solution; X 1 : temperature; X 2 : time; X 3 : sonication amplitude; X 2 2 : quadratic term of time of sonication; X 1 X 2 : interaction between the temperature and the time; and X 2 X 3 : interaction between the time and the sonication amplitude. Coefficients are expressed in uncoded units.
This model shows a lack of fit which has an F and p value of 7.51 and 0.122 respectively. While the F is not significant in comparison to the F calculated for the model, the p value is higher than 0.05, these two statistical parameters indicating that the model represents the experimental data appropriately. Furthermore, the quality of the model was confirmed by the coefficient of determination (R 2 = 0.97), with a high value in the adjusted R 2 (0.96) analysis too. Not only the analysis of variance of granule solution clarity, but also that of film transparency is shown in Table 2 . The same interactions were found in this response: the interaction between time and temperature of sonication (X 12 ) and the interaction between temperature and sonication amplitude (X 23 ). These interactions can be explained in a similar way as in the case of the granules solution clarity. Furthermore, the linear variables had a greater effect on this response and also with a similar order of importance (X 2 > X 1 > X 3 ). In general terms, the greatest difference between these dependent variables, with regard to the significant factors which appear in each model, was the inclusion of the quadratic term X 
where %FT is the percentage of film transparency; X 1 : temperature; X 2 : time; X 3 : sonication amplitude; X 2 2 : quadratic term of time of sonication; X 2 2 : quadratic term of the sonication amplitude; X 1 X 2 : interaction between the temperature and the time; and X 2 X 3 : interaction between the time and the sonication amplitude. Coefficients are expressed in uncoded units.
Regarding the lack of fit of the model shown in Eq. 9, it was characterized by a low F value and a high p value, both of them indicating a good fit of the experimental data to the quadratic equation obtained. The values for the R 2 and adjusted R 2 parameters were 0.97 and 0.96, respectively. The two models described by Eqs. 8 and 9 were used to generate the response surface plots shown in Fig. 1 . For that purpose and according to Table 1, one independent variable was fixed to the coded value of 0, while the others were varied within the range of study to describe the behaviour of the tested responses.
As shown in Fig. 1a -c, the granule solution clarity increased with the increase in temperature, time and sonication amplitude; no plateau region was detected, which could suggest response saturation. It is likely that the testing of higher values for the independent variables than those included in this BBD would result in clearer granular solutions, but this option was discarded during the course of experimental design because of the technical limitations of the ultrasound system mentioned above. Furthermore, taking into account the film transparency values obtained (Fig. 1d-f) , a greater clarity in the granules solution could hardly lead to higher values of film transparency, since for this response, it was possible to reach values higher than 90%. Additionally, the similarity in shape between the response surface plots of granule solution clarity and film transparency is reasonably high, thus indicating that the increase in film transparency caused by ultrasound pre-treatment was due to the clarification of the granular solution.
Finally, it is worth pointing out that to obtain the highest values of clarity and transparency, it was enough to increase two of the independent variables to their maximum values and maintain the other in within a medium range, regardless of what values were increased and which remained low. Therefore, in order to minimize the overheating of the sonic transducer system, the parameters to obtain highly transparent films were set to 45°C, which was the medium value tested; for 40 min and applying 60% of amplitude (127.2 μm), which correspond to the highest levels of these two variables. These values were selected to generate the granule solutions and the films for further characterization at different processing times.
Granule Solution Particle Size Measurement
Granule solutions were sonicated and samples were withdrawn at 10, 20, 30 and 40 min. A non-sonicated sample was used as control. Nile-blue A was used to stain lipid and protein-nature compounds, allowing their visualization by fluorescence microscopy (Kaewmanee et al. 2009 ). Figure 2 shown representative captions at each time of ultrasound pretreatment tested.
The presence of big-size particles, particularly observed in the control sample, could proceed from lipoproteins aggregates such LDLs, which supposes the 12% of the granular composition (Anton 2007) . After freeze-drying process, LDL vesicle-like structure is affected and become less soluble, thus generating a turbid solution. The spherical shapes observed in Fig. 2 suggest either LDLs aggregation or flocculation phenomena after re-suspended.
As it is shown in Table 3, in the particle population column, 10 min of sonication was sufficient to produce a significant decreasing in the population of aggregates. Furthermore, at longer sonication times (30 and 40 min), their number was significantly reduced (p < 0.05) from 528 ± 60 to a final value lower than 2. The average particle area was also decreased due to the ultrasound pre-treatment, which confirms the effect that ultrasounds have on the structure of these lipoproteins aggregates. Previous literature described how ultrasounds can disrupt protein aggregates leading to less turbid solutions. It has been reported that the reason for the observed decrease in the turbidity is due to disruption of non-covalent associative forces, such as hydrophobic and electrostatic interactions, and hydrogen bonds, which maintain protein aggregates in solution. The interaction disruptions are induced by high levels of hydrodynamic shear and turbulence due to ultrasonic cavitations. Thus, more aggressive ultrasound treatments lead to a higher degree of aggregates disruption, explaining the results observed in this work (Hu et al. 2013; Marcuzzo et al. 2010 ). Also at 30 and 40 min of ultrasound pre-treatment, a magnification of × 100 was attempted, but no additional aggregates were visible. When the samples were analysed using dynamic light scattering, it was confirmed that the average size of the particles decreased with increasing UT times (Table 3) . It leads to think that the mechanical stress caused by ultrasounds through the continuous generation and collapse of bubbles might lead to the disaggregation of these egg yolk clumps, resulting in a decrease in the degree of 
Mechanical Properties of the Film
As can be seen from Table 4 , in the puncture strength (PS) and puncture deformation (PD) columns, the ultrasonic pretreatment modified the mechanical properties of the films, which became more resistant to mechanical stress and more flexible. The differences observed between the control and the samples obtained at different sonication times were significant (p < 0.05); however, pre-treatments longer than 30 min seem to have a negligible effect on such film properties. These changes promoted by the ultrasound pre-treatment are related to the smaller average particle size and the reduced number of large particles observed. The increased molecular interactions due to the energy input could lead to higher molecular order and therefore increased film strength, which is in agreement with the results found in this work. This effect of higher molecular order can be observed as well in the SEM images. These observations are in agreement with Guilbert et al. (1995) . Samples treated with ultrasounds for 30 min resulted very similar in its mechanical properties and particle size to those sonicated for 40 min.
Aggregates formed could impede the formation of proteinprotein interactions. So, once the aggregates have been broken down by means of sonication, more protein-protein interactions are established, leading to stronger and more flexible films.
Film Colour
The egg yolk has a yellowish colour, mainly produced by the presence in its composition of fat-soluble carotenoids (Li-Chan and Kim 2008) . Although most of the lipids are retained in the plasmatic fraction during the fractionation of the whole egg yolk, traces of these compounds can still be found in the granule fraction, and provide a yellowish colour to the films (Fig. 3) and 
Control 93.13 ± 0.20a 1.5 ± 0.17a 23.50 ± 2.00a 0.0 132 ± 5a 33 ± 2a 16 ± 0.2a ND 9.0 ± 2.0a 10 ± 3.0a 10 92.96 ± 0.21a 1.3 ± 0.30a 25.65 ± 2.80a 3.16 111 ± 10 b 27 ± 1b 14 ± 0.4b 1.78 ± 0.1a 17.4 ± 3.0b 39 ± 8.0b 20 93.08 ± 0.24a 1.6 ± 0.40a 24.00 ± 2.50b 0.51 111 ± 9b 29 ± 1.5b 14 ± 0.7b 1.77 ± 0.1a 21.2 ± 3.5b 69 ± 1.4c 30 93.39 ± 0.32a 1.4 ± 0.20a 23.57 ± 3.00a 0.28 107 ± 15b 28 ± 0.5b 14 ± 0.5b 1.78 ± 0.1a 31.4 ± 1.2c 100 ± 3.3d 40 93.45 ± 0.25a 1.3 ± 0.12a 25.50 ± 1.50a 2.35 105 ± 7b 28 ± 1b 14 ± 0.5b 1.76 ± 0.1a 31.6 ± 2.5c 113 ± 7.0e
Values are expressed as means ± SD. Different lowercase letters in the same column indicate significant differences (p < 0.05)
ND not determined
Food Bioprocess Technol (2018) 11:735-747 other products made with this high-protein content fraction (Laca et al. 2010; Marcet et al. 2015) . When compared to the control, the ultrasound pre-treatment had no effect on the colour of the films, since no reduction in the b* parameter was observed (Table 4) . Parameter ΔE is employed to describe how different two samples are in terms of colour; values higher than three mean colour differences appreciable to the naked eye. Values of ΔE were found to be lower than 3, which means that only trained observers can notice the colour difference between control and the different pre-treatments. Only control compared to the sample pre-treated with ultrasounds for 10 min (ΔE = 3.16) resulted in differences noticeable to the naked eye.
Thickness, Moisture Content, Water Solubility and Water Vapour Permeability
Film thickness, moisture content, water solubility and water vapour permeability are shown in Table 4 . Taking into account that the different processing methods could have effect on the properties of the proteins (Del Hoyo et al. 2008) , it was observed that ultrasound had a significant positive effect on the parameters evaluated at short pre-treatment times (10 min); however, longer times (40 min) produced no significant changes (p < 0.05).
Particularly in the case of film thickness, a decreasing trend can be inferred, based on the mean values obtained, although no statistically significant differences for this parameter were found between the treated films. Furthermore, the untreated samples showed higher moisture content compared to the treated films, mainly due to the lower degree of packing of its granular components, as it was further confirmed by microscopy. Water solubility is related to the water resistance, which is desirable to protect food products with a high humidity. In this case, all the tested samples showed low water solubility, due to the abovementioned fact that egg yolk granules are insoluble in distilled water and the aggregation of their proteins and lipoproteins during the film drying resulted in insoluble films. It was not possible to evaluate the effect of the ultrasound pre-treatment on the WVP, since it was not possible to obtain control films of the required size for this analysis. Nevertheless, it was found that longer sonication times had no significant effect on this property. In comparison with other protein-based films found in the literature, these films were found to be between three and nine times less permeable to water vapour than those made with whey protein isolate prepared with different plasticizers (Sobral et al. 2001) , between two and four times less than those prepared with pea-protein and various glycerol concentrations (Choi and Han 2001) , and similar to that made using soy protein isolate (1.7 g mm/ m 2 h kPa) (Friesen et al. 2015) . In these films made with the egg yolk granular fraction, the presence of lipids in their composition may have a positive effect on this property, as it did in the case of other protein-based films to which lipids were added (Avena-Bustillos and Krochta 1993; Rocca-Smith et al. 2016 ).
Thermal Properties
TGA thermograms of the tested films are shown in Fig. 4 . Film thermal stability is a valuable characteristic of this type of packaging products, since low stability could narrow their range of applications. According to Fig. 4 , it is possible to distinguish two main stages of weight loss. The first stage can be observed in the temperature range 60-130°C, and it was associated with the loss of water from the film matrix (Su et al. 2010 ). The second stage was related to the thermal degradation of both proteins and glycerol, and it was more pronounced. This stage begins at temperatures between 170 and 180°C, continuing with a high degree of weight loss between 300 and 500°C. Similar behaviour was reported for other protein-based films (Nuthong et al. 2009; Ramos et al. 2013) . The residue obtained at 600°C for all films tested was about 14% of the original weight, which is the expected result since all of them were prepared using the same filmforming solution composition.
According to Fig. 4 , a slight increase in thermal stability was found for the ultrasound-treated films, particularly if the film treated for 40 min is compared with the control. The highest differences were found in the range between 180 and 310°C. This suggests the presence of agglomerations of heterogeneous material in the control films, resulting in a decomposition curve with two phases in comparison with the single decomposition curve observed for the films treated for 40 min.
Scanning Electron Microscopy
Micrographs of the transversal section of each film were taken (Fig. 5) . The cross section of the control film appeared thickened in comparison with the treated films. Furthermore, the untreated sample showed a heterogeneous structure, where it is possible to appreciate irregularities which could be interpreted as lipoprotein agglomerations. After 10 min of ultrasonic pre-treatment, film sections showed a more compact and homogeneous appearance; although, as can be appreciated in Fig. 5b , the upper half was more homogeneous than the bottom half, meaning that the remaining aggregates were distributed near the bottom of the Petri dish while the film was drying. Extended ultrasound pre-treatment produced an increment in the structural arrangement. In particular, the film treated for 40 min had a totally homogenous cross-section area. Finally, this structural improvement in the film matrix, caused by the disruption of the lipoprotein aggregates, probably led to the formation of a tighter network, and therefore, the improvement in the film mechanical properties shown in the BMechanical Properties of the Film^section.
Conclusions
In this study is reported, for the first time, the production of edible films using only proteins from the egg yolk granular fraction and glycerol as a plasticizer. The optimum conditions for the ultrasound treatment, in order to generate more transparent films, were determined assisted by RSM approach. It was found that optimum ultrasound processing improved the clarity of the casting solution, the mechanical properties, thickness and solubility of the films generated, while the colour, WVP properties and thermal behaviour of the films were not affected, regardless the ultrasonic treatment employed. Results observed (lower particle size, lower polydispersity index and higher film compaction) indicate that ultrasounds are able to disrupt the protein aggregates by modifying the protein structure, since non-covalent and covalent bond are broken down.
It has been demonstrated that ultrasounds have the potential to be used for film properties modification, allowing to generate good-quality films from new protein sources before non-used for this purpose.
